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SUMMARY (U)

PROBLEM (U)

(C) Determine the coherence and the array signal gain during BEARING STAKE
for large aperture. horizontal line bottom-mounted znd mid-depth towed arrays receiving
multipath signals from ;ong-range. narrow-band. lowv-frequency towed CW sources in the
Northwestern Indian Ocean.

APPROACH (U)

(C) Durirg BEARING STAKE measurements were made for determining coherence
for a bottom-mounted and two mid-dep!h towed arrays near five sites in the Northwestern
Indian Ocean. These measurement data were digitized and processed on the NOSC
UNIVAC ! 110 to produce ihe phase coherence C and the ai-ay signal gain ASG versus
rnrange and frequency for several projector tows sur:eying much of the Northwestern Indian
Ocean. The amplitude fluctuation 2A and SIN (the signal pius noise to noise ratio) were
also computed. Corrections to the C and ASG data for low S/N were not attempted. This
report concerns only cases in which tte SIN is high enough that the noise correction is
negligible.

RESULTS (U)

(C) Since the Northwestern Indian Ocean is usually bottom-limited and the sound

speed profiles are complex. a considerable range.wise variability exists in the plots of phase
co-erence and arr-ay signal gain for this multupath environment. This variability increases
due to the presence of irregular bottom slopes as well as seamounts for mid-depth towed
arrays. This variability is the dominant charaateristic of this body of water when the per-
formance of long horizontal acoustic arrays is considered. Thence. a general assesment
of signal cohereno: for the Northwestern Indian Ocear. ba.ed on the BEARING STAKE
data. is as follows. The coherence will be a manageable problem for the performance of
large ae--rture bottom-mounted and mid-depth towed array systems used for surveillance if
sufficient rangewise sampling is employed and the towed arrays are not operated in the
depth region of complex sound-speed profile structure. From the detailhd area assesment
to follow several conclusions can be reached about the performance of large aperture.
horizontal acoustic arrays in the Northwcstern Indian Ocean.

I. (U) The degree of amplitude fluctuation, as measured by 1A, toes not change
much with frequency and is largely range independent up to about 1000 km, even over
irregular sloping bottoms.

2. (U) The phase coherence and the array signal gain decrease severely with increas-

ing frequency- even when the S/N values remain high enough tw render noise corrections

-. negligible.

3. (Mi The phase cohcrence and the array signal gain are gene-ally range independ-
ent up to about 1000 km except when the projector is passing over an irregular sloping
bottom. They decre.'e and become more variabke for a mid-depth towed array. but not for

5
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.1 bottomn-mounted arra,.. wheni tile projector is passingu o% _r an irregular sloping bottom.
This behavior mi,. ietleO. thle imnportjane of bottom propagated sound paths for a bottom-
mounted array.

4- iUl The phase Loherence and thle array signal gain are wideiy variable with
range due to multipath interference in a boiton-limintcd :n~ironnient usith a complex sound-
speed profile and become more %ariable Iin in irreuumlar bottom slope re-eion for a mid-depth
to%%ed arra% but not for a bot toin-nioantled arrat - -Fie% %% ere less variable at ffhe only site
vdierze propagation Wa'N not bottomi-limited.

5.1 It aippears that for thle bottomi-limited regions of the Northwestern Indian
Ocean. thle phI oee~ n li.: arra% signal galin behla~ior of bottom-mounted an~d mid-
dr-pthl ovned Cabo~e the depth region of souiid--speed profile conrnlexitx ) arra~s a re essen-

-!;all-.- the:same except whe-Ii thle projector is passing over an irregulair sloping bottom.

W. Thle sensor %pacing coiitiigura! ion for thfe bottoni-mounitt d array was con-
sidcrabih. different from thiat for tile mid-depth toixed array s. To obtain z.more accurate
comparison of a toa~ed 3rr-a% ,%i!hi ihe bottomn-mounted array . a subset to-~ed arrav- (con-
fwigred Niimilarl% in '.ensor %~pacing~ to tile bottIoml-mlountled array) was studied. It %%as found
that thle bottomn-mounted arra,. performed essenitiAK thle same as the subset tow.%ed arra%

t ~(exc:ept in thc, irregular bottom slope regionw. The %uibset ioiued arrax performied essentiall%
thle samne a!. thle total arri% for phase coherence and, !rr~.v signal g~ain.

K Ini Ole Northusestern Indian Ocean the surveillance pcrformance- of towed

arrays ma% N. significaniit dependent upon thle arra% to%% depth due to thle presence of a
mlid-depth region of sound-speed profile complexity -

.S (U) When sound was received by a mW~-depth towed array fromt behind a sea-
mount. thle phase coherence- and ithe arra% %ignal !:ain uere often lou~ due to the reduJtced
S '% values.

RECOMMEND)ATIONS (U)

1. WU) Chan-icin-c and incremienting thle a'eragine time intervals wnuld be interest-
Ing in conjlii.! ion u~itli a %Itudy of thle dctailed acutic tncture behind tile sampled %allues

*of C pand :XSG uwcd in this report- This u~ould shou ho%,. the regions of sound-speced profile
* complexitx influence C and ASG and u~ould lead to estimlatzes of th% optimum 3%craging

-p
§ time inter'al as a funcfion ot arrat% tou depthl.

. E" It would be uiseful ito directl% inetetie te efcts on coherence ay
ability oif the comiplex sound-speed profile% b% towin~ an arrax above and thenail ihiai this
higliI% structured profile region.

.. (U) It is rccominiendled that more LATA data (Site -5 be processed.

4. W) Thle surveillance behavior of1 ottomn-mnounited arrays could be better
understood -- inei -mlneIn modeling the possilvi~it of bot-i poaainptsi
thle Northusfesern Indian Ocean.

~.(U) It is recommn-nrded that in future Itests in thle Northwestern Indian Occan.
much ;fgr signal pecriods (say . 25 nin for signal andi 5 mill for nioise as a dtitl' cyc!e) be
used at a sincle lou~ frcipienc%. Thi% u~ould allow a more detailed stluds- of the rangeulise
s1ruicturc of C11 andi :AS( andi permit better 'erificatinn oif a %ound propagation model of
coherence belfavior.6

CONFIDENTIAL

-- ~-.~ .' .-.. r . ý-



CONFIDENTIAL

(U) NOTATION (U)

IAT. averaging tinme interval. sec

A averaeing! amplitude of Eq. (A-I 6)

P. bearing of source from Eq. (A-3). deg
Cp. phase coherence coefficient of E-q. (A-20)

iA. noimalized standard deviation of Eq. (A-I 5)

C(1n nonhomogeneity coefficient of Eq. (A-I 7)

CT. Talpey coefficient of Eq. (A-I 3)

ASG. array signal gain of Eq. (A-24)

SiN. signa! plus noise to noise ratio. dB

R. range from source to array. kin
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1. (U) INTROD)UCTION

(C) Inrecenit years. the Indian Ocean has become an area of increasing strategic and
tzctical importance to the Navy. Because of the lack of environmental acoustic data from
the Indian Ocean of the type required for performance charactriation of surveflkLc
Sstenls options. OP-S'S tasked NAVELIEXSYSCOM PMIE-I 24 to co- -act environmental
acoustic surveys to obtain the data necessary to assess the performance of passive Anti-
submarine' WVarlare (ASW) -%urveillance systems in the Northwestzrn Indian Ocean.

(C) Accordinely. PME-l 24 developed Project BEARING STAKE with these
objectives:

a. Conduct environmental anti acoustic measurements in five selccted areas of
the Northwestern Indian Ocean durin~g the period of January through May
1 9-7 with a variety of measurement s% items-

h. Collect acoustic data to determine the variaibilitv in the acoustic environment
andI provide inputs to models for systems performance evaluation.

C. Utilize :iear-surface. mid-depth. and bottom-mounted receivers (such as ]on!!
horizontal arrays) to determilne the followine:

* Propagation loss vs frequency and depth

* Ormnidirectional noisez

* Noise direct ionalitv

* avefront cone-ence

V ertical arriv.al structure

*Bottom intermction

*Bottom nr-flectivitv

d. Produce an acoustic assessment of the Northwestern indian Ocean based upon
the resuilts obt2ained.

'tC Performn amssessment of surveillance systems for the N.rhetr ninOen

(C) The purpose of this report is to present lthe analysis of the results of the wave-
front coherence measurements mnade dudin. BEARING STAKE in areas near five selected
sites in the Norithwestern Indian Ocean show-n in Fig. I - From. the analysis. a coherence and
array signal --ain assessnient of the areas concerned is presented for a bottomn-mouiited
and two mid-depth towed arrys.

4 (U) lechinical direction of BEARING STAKE was vested in the Naval Oceans
Systems Center (NOSC). Participants in BEARING STAKL reprensented a broad spectrum
of ore-ani/ations. In addition to NOSC. the other Navy organizations involved were- the
Naval Oceanographic Office I N00). the Naval Research Laboratory 4.NkL). the Naval Air
Development Center (NTA)C i. and IL - Naval Ocean Rescarch and Development Activity
(NORDIA). The Weapons Research 1histablishnecrit (WRE:R now the Weapons Systems
Research Laboratory. D~efence Research Centre) of the Australian Department of Defrice
also participated. The industrial and university organiztions repre-sented were- Western

9
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llectric Co. (WECo). Sanders. Inc.. Woods Hole Oceanographic Institution (WHOI)
Applied Research Laboratories. University of Texas at Austin (ARL.UT). TRW, and
Planning Systems. Inc. (PSI).

(U) The operational aspects of BEARING STAKE with respec! to coherence -*neas-
urements are dtscribed in Section 2. (For a more detailed description of the operational
plans and systems involved. see Refs. I through 9). In Section 3. the resIlts of the array
coherence and array signal gain area assessment are developed. Section 4 presents the con-
clusions from this study. In the Appendix the Pneihodology for phase coberenct :nd array
signal gain and definitions of the terms used in this assessment report are presented.
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2. (U) OPERATIONAL ASPECTS

2.1 (U) CHRONOLOGY AND SITES

(U) The BEARING STAKE acoustic measurements. perfor-med near zhe five sites of
FIX,- I .xwere conducted durine the four ciuises shown in ilhe followine timetable:

cruise Dates (1977 P Site Occupied

13, Ja~n-6 Jan I A

30 Jan-25i Feb -3and IlB

3 i Feb-3 0 Miar 4

4 4 Arr- 4 Max 5 and2

Site I was occupied twice: hence, the terrninoloEy of --Sizcs IA" and --I B.' Coherence
measurements were made for Sites 3.I B. 4. 5 and 2._ Tlirou-ehout this report the sites will
be treated in chronoloeical order as above._

(C) The major geographic-al features of the Northwestern Indian Ocean and its
major shipping lanes were considered in the 5.0c~tion of the locations for Sites I through 5

(see Fie- 1). The measurement events conducted for these sites represent a variety of situ-
ations that allow assessmenrt of passive surveillance systemp options against transitting sub-

r marines and submarines attemipting to interdict shipping.

WC) Site 3 is located in the central portion of the A1rabian Sea with a water de-pth of
3.600 n- Measurements here will be useful in evaluating the surveillance potential ciose to
the Cape of Good ifope-Arabian Sea shippingt lants along ;he cast coast of Africa.

IC)Sit I s lcatd i th muth of the Gulf of Ornaa where the water depth is
3. -0m This site offers hath% metirically unshielded ranusi arwcordrit h

A~rabian Sea. The data from Site I will be useful ir: cvaluat~ne the surveillance potential in?
the Gulf of Oman and its approachecs. Shipping traffic to and from; the Persian Gulf passecs
close to Site I.

(0I Site 4 is over a slope-, with depths ranging frcom 4.000 to 5.000 m-. Lone-za.nge
propagation via refracted paths occurred in the deep water, of the northern Soma~li Basin
Iseec Ref. 8)_ This. is the onl~- site for which bottomn-limited propagation conditions did not
prevail during the exercise (see Section 2.4).

(W) Site 5 is located on the northern edge of the Carlsbekr-- Ridge south of the Suez
Canal--Orient shipping lines. The site is situated over the f'at top of a low n~c 15OO m above
the sea floor) in 4.500 mn oftwater. The- Carlsbers: Ridge. on the southern edge of the
Arabian Sea. may provide shielding from nois.: souices. to :he south of this site fo~r suri-cil-
lance systems looking into the Arabian Sea.

(C) Site 2 is loca-ted on a ridge approximately ' -0 kmi (200 nmi) off the coast of
th -rain Pennsla -aafo hsst ill he useful in evajluating the surveillance

potential in the major shipping lanes, running along the A~rabian Peninsulz and into the
Arabian sea.
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* 2.2 (U) HORIZONTAL ARRAY SYSTEMS USED FOR
COHERENCE DATA COLLECTION

LU) Tree coherence measurement systems are discussed in this report. They are:

0 Ocean Acoustic Measurement System (OAMS) array from PME-1 241NOSC

0 Long Acous-ic Towed Array (LATA) from WRE. Australia

0 Bottom-Mounted Array (BMA) from PMI:A-124:WECo

The OAMS array. the LATA. and the BMA were operated at Sites 3. l B. 4. 5 and 2.

(U) The ships which participated in BEARING STAKE were the USNS KINGSPORT
(T-AG-331. the USNS MYER (T-ARC-G). the USNS MIZAR (T-AGOR-I i l the USNS
WI-IES (T-AGS-33) and the Austraia n ship HMAS DIAthlAN-TINA (GOR-266). During
BIARING STAKG-. the KINGSAORT chipducted al.the long-range projector tows shown in
Fig. 2. The MIZAR performed as the OAMS array tow and measurement ship. The
I)IAMANTINA towed and operated the LATA in coordiration with the MIZAR tow runs.
The MYE-c R was responsible for all BMA operations. The WILKES performed several ocean-
')graphic functions for the Bl-EARING STAKE exercise.

(U) After the conclusion of the BEARING STAKE exercise. the ship navigational
loes 'mere used by NORDA to reconstruct the projector tows and the array positions. There-
fore. Fig. 2 gives the site overview for BEARING STAKE projector tows. and Fie. 3
throuei 6 show the details for each site. As car. be seen from these figures. BEARING
STAKE surveyed much of the Northwestern Indian Ocean.

2.2.1 1 U The Ocean Acoustic Measurement System (OAMS)

(U) The OAMS towed array. manufactured by the Sei:mic Engineering Co.. has 32
directional hydrophone groups spaced over an acoustic aperture of 925.4 m (3036 ft). This
array > highly directional due to its tapered design (see Fig. 7 and Ref. 9). This directional
behat ior a.-ises from two causls: (1) the individual hydrophones in each sensor group are
Nr.aced in a cosine pattern. and the groups nearer the aperture ends are loneer, and (2) the
sensor geoap centers arc spaced in a cosine pattern along the acoustic aperture. (Due to this
directional behavior, the CW sources were generally kept within I 15 de• of broadside by
the choice of the MIZAR courses.) Vibration isolation modules (VIMs) installed at the head
and tail of the acoustic aperture make the total array length of 1535.9 m (5036 ft). See
:g. . The maximum design depth ("crus.h depth"; is 305 m (1000 ft). Four depth sensors

arc distributed ilong the acoustic aperture.

(U) The OAMS array %as opzrated for Sites 3. 1 B and 4 in the vicinity of the BMA.
while for Sites '; and 2 the OAMS array operated more than 400 km for the BMA. See
Fies 3 ,liromugh 5. At each site. the OAMS array was deployed to a cable scope of between
'00 to 350 n. During deployment, the :.pecd of the ship was adju,.s:ed to keep the array
near a nominal tow depth of !98 m (650 ft) and. depending on winds and currents. the
speed varied between 2 and 3 knots. he array tilt during most daza collection periods was
less than 2 i dee. Ship maneuvers at each site consisted of polygon tows. designed to assess
the horizontal direc:ionalit% of the ambient noise field. and straight-line tows. oriented such
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Figure 3. (C') Projector tows for Site 3: locations of BMIA and OAMS a.-ray. (U)
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Figure 4. IC) Projector tows for Site 1B: locations of BMA and OAIS ara'. (U)
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that acoust ic arri,.Als from thle source were oeneraly% wit hin ±15 d,-- of broadside because
of the directivit% of the 0A.IS array - Measurements of coherence. propagation loss and
beanm noise teniporal statistics were collected dt~ring the straight tows.

iU) TheOAMS signal processing system is built around a Hewlett Packard 2100
ýomiputer as A1liowit schemnaticza1l% in Fig. 9. As shownp in this fi-gure. the individual hydro-

phone group outputs uere amplified 1-% charge coupled amplifiers and theni fed through a
32-channell patch panel into the '-coherenice box-M(te quadrature detector) to be put into
basehaznM amplitude and plia.e quadrature form. The output of the 32$--channel quadrature
detector .%as dieitized with a Hewlett Packard 23138B 64 clannez A-l) converter to geaerate
the signajl and noise data on digital tapes for later coherence proccssing (see- Appendix).
1 he center frequenc% of the quadrature detectcr was adjusted to track the Eappler-shifted

* received signals. The effettive bandwidth of lthe quadrz-ture detector was I liz.

WU) Monitorine! of individual hydrophone groups in real time was accomplished
with a Spectral Dynamics Corporation S)3%09 Real Tim,. Analyzer and associated unis.
The output could b-, displayed on a CRTA or samnpled by the HP2 100 computer for furt'o-:r
processing. System%. status parameters and depth senisor outputs were logged automatically
th1roughl the mnicroprocesor general interface unit. Recorded parameter inlde hetm

co~de, depth- snor outputs. the setting of the switchies for quadrature detector gain, the
11112100J gain and quadrature- detector frequenzy.

2.2.2 WUI The Long Acoustic Towed Array i LATA P

(C) Thie LAT:A. niants~actuncd by the Seismic h-n-ineering Co.. has 64 omni-
directional hvdroplione groups uniformly spaced 19.05, in apart ()2at about 40 Hz)
over an acoustic ap-criture of a'bout 1 200 mn G3936 ft I. (The LATA was czlled the
LAM BDA I whe..n used ., .:.e U.S. Navy.) VIN~s are installed at the head and tail of the
acouastic aperture (000 mn forwvard. 300 mn aft) for a total lengt f200m e Fg 0
The maximum design depth is 1 200 in. Spccial modules. each containing an array heading
wensor and a precision depth sensor. arc situated at the head and tail of the- acoustic aperture.
A --able inclinometier is mounted on the tow. cable. above the water at the stem. to pro,-de
ar. indication of the tow speed.

i1U) The LAT:X was operated for Sites 3, 1 B and 4 in the vicinit% of the B.NA.
wLhile- for Sites., 5 and 2 it operated more than 700 km fromi the BXMA. See Fies, 5 and 6
At Site SLATA was deployed after the projector operations had ceased, and at Site 1 B
insufficient L.AT:A coherence data uere collected for mcaningful processing. Hence. LATA
coherence data were processed only for Sites 4. 5 and 2. The LATA array- was towed at a
nom-inal depth of -330-5 in at a speed of 2 to 3 knots. Coherence measurementsý were made on
straight-line to%%- oriented so that the armay would be nearly broadside oi nearly endfire to
t he projector. The arra% tilt during most data collection periods imas less than ±1.3 deg for

(C)-1he ,4LATA hyrpoegroup outnuts were collected and processed by the
WR li-desienctd-and-bu ill digital signal processing and display system onl board the
DIANIANTINA. Thec group outputs were digitized at a rate of 512 samples per second and
multinlexed with outputs from the heading and depth sensors. time. code, ship position.
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CABLE - UP TO
1500m LONJG

1200m 30

Figu;c 10. (C) LATA flf1iguratimi. (U)I

course. speed and voice annotation as shown in Fig. 11. T-he resulting serial bit stream
503a kbps) uas recorded onl a sinzl- track of -- SANGAMO di- tal tape recorder. The band-

n~idth of the recorded acoustical data was 4; w 226 I 17 he on-board processing and rtela%
s~stefl1 consisted of a deniultiplexing unit, a dig.ital filte-r (with 32selectable filter bands).
and dig!ita! --delav-and-sum- beaniformer with four shading optionns with a ~edc

z.. ero weielhtine for any hydrophone group) option. a beam averager. and a ROLMN. 1602
digital computer for hydrophone g-roup output and beam data processing.- This computer
Was operated in thle real-time mnode throughout th-z data-taking periods for coherence
mcasurcnientý. The on-shore LATA processine was conducted at NOSC and is discussed in
Ref. 12.

2.2.3 (U) The Bottom-M1ounted Array (B.NAJ

(U) The BMA consisted of ceigt unequalfly spaced ominidirectional nydrophones
and was installed at all five BEARING STAKE sites. WvECo was responsible for instafi~ng
[lie RNMA at each site froni the M1YER and for collecting analog tape data from the BINIA.
Figure I 2 illustrates thle physical configuration of thle BMA installed at Site IA. Figure 13
shows, thle BXIA hi.drophone configuraition atI Site I B.:and Fig. i4 shows the configurations
at Sites S.4. i andi 2. Although thle the BMA and the QAXMS arrav were co-locatedl at
Sites 3. I B and 4 (sece 3ig S throughi 5). thle B3MAwas configured as a horizontal line
array~ o-ily at Sites 3 and l B (see lFies. 13 and 14). licrncc. comparison between the BMA
and thle QAMIS data iuias confined to Sites 3; and I B.

(U) To ensure the compatibility of the BXMA data with the QAMS, data, the BMA
- analoi tapes were plaiyed hack into thie OAMIS instrimentatior (i.e.. through the quadra-

ture detector, the A 1) conventer and the hIIl'2 100 computer system) ini siliz and afterwards
at NOSC. This plt thle BNMA cohecrence data on digital mnagnetic tape in quadr-ature format
for further processing and analysis (see Section 2 and Ref. IlI). Thus, the BMA coherence

4 ~data ana'lsis is especially %%~ell coordinated with the QAMS array data analysis and allows a
detailled comparison of their res-pective results (see Section.3).
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SITE 3 SHIP

1 2 3 4 5 6 7

V 63In Uarý 055 U g" U 5m V31.7n U5065.7,n
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SHIP
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S000M

SITE 4 _ 3000m

3500n

2 m n• -n n r

6.V4500m

500m

9.251-.'n
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SITE 5 36 SHIP

US) (601 14. U127) (Ui.iN SVIe (
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Figre 14. (U) BMA configuration at Site 3. Site 4. nSie2(U
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2.3 (U) ACOUSTIC SOURCES

0(U Both narrowband (CM) projector and broadband (explosive) sources were used
during BEARING STAKE. Only the narrowband projectors will be discussed here because
the coherence data are based on thtse CW sources.

(C) Two projectnrm were ucd: I (i) a Minneapo!is H.ineywell HZ-295 transducer
(140 and 290 Hz) and (2) a MK-6 projector driven at 22. 25.36.39 and 42 Hz. Source
Ilevels ranged from 176 dBIxPa to 195 dB:pPa as shown in Table 1.

Table 1. (C) The CW Projector Source Levels for BEARING STAKE. -U)

Frequency Site Source Level (dBWp2z)

22 all 188
25 all 190

56 all 1•2
31 all 19;-5

42 a!l 195

"140 IA 184

140 IB IS3

140 182

140 4 cxeept 4P-7 I6.45

140 41' I S0..3

140 3 ISI.5

2tv all -cept 4117 . 2
2904pj". 7'

othc iermi.ohw, 41P, refers to pro-ectnr tow" P7 at Site A. etc.)

(U) All projector tows were made from tt.e KINGSPORT along the tracks z-howvn in
Figs. 2 throughf 6. The duty cycle for all p.-ojectors was 10 min on and 5 rain off.* At

Sit- IA tos were made at a nominal speed of 12 knots. For Sites S. I B. 4 and 5. the .K-6
tow spced was reduc--ed to S knots. A! Site 2. a modified towing fairing installed on the
MK-6 allowed tow spc-eds to be inc%-ased to I 1 knots without source maifunctions.

(C) 'Minor problems arew in using the MK-6 projectors. The MK-6 was unable to

Sstabilize at 42 Ili. as per specifications. at a tow speed abo'-r 8 knots and at a depth of 91 m.
This problem %-as resolved by operating the MK-6 at 36 HIf at S knots and at a depth be-
tween 77.7 m (255 ft)and 83.8 m (275 I). -For the Hz-294 transducer the tow depth
%vas 30 m.

*Actually the projector frequency uas shsft.z' by 3 or 5 Ili inste--d of being turned off.
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2.4 (U) SOUND PROPAGATION CONDITIONS I)URING I
BEARING STAKE

(U) Sound propagation conditions during BEARING STAKE are now discussed
Ibriefl in regard to their importance for !his coherence study. Sound propagation near the
five BIARIN(; STAKE sites was ven good- This good propagation occurred despite the

"b,. isiited'" conditions whereby the surface sound speed exceeds the bottom sound
speed- This is seen in Fig. I . ,Mhcre sound-speed profiles representative of the site areas and
of the times of the exercises are shown. Of course, the source and receiver depths are also
imnportant since these really determine whether the significant ray paths interact with the
bottom in a nominally bottom-limited situation. If the sound speed at the depth of the
source (or receiver) is less than the bottom sound speed. then there is a 'depth excess.'
so that there are ray paths from the source (or receiver) that do not contact the bottom.
Their importance will depend on the amount of depth excess and how close such rays come
to the receiver for source). Thus. using Fie. 15. Table 2 is constructed to show the depth
excesscs from the source and receiver depths. Note that for the 91-m source. there was a
depth excess only for Site 4. For the 200-m-deep OAMS array there was a depth excess for
Sites 4. , and 2. Only for the 300-m-deep LATA was there a depth excess for all five sites.

* -- Since the longest acoustic wavelength relevant to this work (for 22 Hz) is 68 m. even the
smallest depth exc-css (I 1 0 m) in Table 2 is significant.

Table 2. (U) Depth Excesses for Source and Receiver Depths for the
Representative Sound-Speed Profile for Each Site. tU)

Site
t)lpzthIzn' .' i lB 452

1 16 600 720 222

2Z00 - 110 00 1700 610

(W) Sites I B and 4 arc the extreme cases in Fie. 15: Fie. 16 ant 17 give the ray
trace plots for typical rad;a! projector runs away from these two siLos. Twenty-five rays at
I-deg intervals in the defle,.tion elevation range of-12 to +12 deg are traced away from a
200-m-deep receiver for both figures. Figure I6 ,for projector tow I BPI (i.e.. projecter tow
P'I at Site ! B) shows that all those rays reflect from the bottom. while Fig. 17 for projector
tow 411 shows that only the -1 and +1 2 de, r-ys contact the bottom. Note also that there
arc strong convergence zones observed for Site 4. Here the fifth zone is about 350 km.
which gives an average zone spacing of about 58 kin. Thus. with respect to this coherence
area asSe.-s.ment work. it is noteworthy that the degree of bottom interaction did v.iary from
site to site regzohn. with the least near Site 4 and the most near Site I B.

(U) Site 2 presents a special problem for the OAMS a,-ray since it received sound
propagation from behind a s-amount. See Fig. 6. Figure 18 gives a ray trace plot for a

typical vertical plarre ,wer the scamount and awvay from the OAMS array. Although Fig. lI
shows the seanount interacting with most of the paths that reach the OAMS array. the
predicted effect on transmission loss depends completely on the bottom-reflection loss
(BRL) model assumed, If the propagation Io" is calculated (via the RAYWAVE computer
model program of Ref. 141 sith the seamount replaced by a flat bottom. curve (a) of
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Figure 15. (U) Reprcscrnaztir sound-slxcd piofile for BEARING STAKE. (U)
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Figure 17. (U) Ray trace for projector ;ow 4Pl track. (U)
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Fig. 19 results. The other three plots in Fig. 19 are for the seamount retained with various
possible models of BRL versus grazing angle for rays contacting the sides of the seamount.
Tihe three cases of BRL behavior are as follows:

Curve Seamount BRL Model

(b) Same as for Site 3 (from Ref. 15)

I(c Estimate for seamount slopes

(d) Infinite loss for all grazing angles

Comparing curve (a) with the others shows that only for curve {d) is there some apprecable
propagation loss at longer ranges due to the seamount. In Section 3.7.1 a comparison of the
OAMS array received levels for projector tow 2P3A (with seamount interference) and for
projector tou 5P1I (without seamount interference) shows that curve Ed) agrees best with
the observations.

(U) The preceding discussion of propagation conditions was based upon simplified.
representative sound-speed profiles. such as those shown in Fig. 15. Thus. the smaller scale
structure of the sound-speed profiles u+ere neglected. This neglect may not be reasonable in
considering certain aspects of array performance as the following discussion indicates.

(U) A mid-depth interval of sound-speed profile complexity is a characteristic
feature of the western Indian Ocean (see Ref. 16). The BEARING STAKE sound speed
profile mea-urements shoe. that this complexity, marked by closely spaced relative maxima
and minima ,ith significant sound speed differences. was most protiounced in the Site 4 area.
This was as expected. since the Red Sea is the source of the highly saline water that is the
major cause of the sound-speed profile complexity. Figure 20 shows four sets of profiles
collected alone various Site 4 track events. Profiles for Sites 3. 1 B. 5 and 2 also showed
some si'nilar complexity .ee Figs. 21. 22. 23 and 24. respectiv'ely) and. for all five sites, the

complex:ty began at roughly 250 m. Thus. the OAMS array operated above this mid-depth
interval of complexit. while thi LATA operated in it: th- BMA was always well below that
depth intcnal. Sircr the propagation paths to all three arrays must pass through this Miid-
depth irterxal. some of the effects of the profile complexity should be the same for all
three. However. it -cems sienificant that the L-TA coherence and array gain results
I discussed irn Section S)display noticeably ereater scatter than those for the OAMS array and
the BMA. Since that scatter vuas ckarl% associated with multipath interference effects
that were also more noticeab-e on LATA than on the other two arrays (see Rcf. 12). it
seems likcl% that the particular operating dcpth of the LATA is the explanation (particu-
larly since the differences in array construction, discussed in Sections 2.2.2 th.ough 2.2.4.
dii, not account for this differte.nce in the performances of the L-TA and the OAMS array:
s.-e also the discussion of the "'subset OAMS array" iii Sections 3.3.3 and 3.4.3). This
indication suggests that the Xor:hiwestem Indian Ocean is an area where the surveillance
pecrformance of to%%ed arrams may be significantly dependcnt on the array tow depth.

(U We .now consider the effect that mt,!tipath propagation has on array beamform-
ing. The study of Rcf * 7 show.. that the presence of rapid incremases in propagation loss
(fades) as the rang-- is varied is accompanied by a pro.nounced nonlinearity of phase. i.e.. the
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Fiure 19. (U) Prorp~tion loss for v•rious scamount models. (U)
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Fig--re 20. (U) Detaled sound-sped profies m Site 4.
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phase relationships betm•een recei'ers is no longer a linear function of the spatial displace
ment between receivers. Examples from Ref. 1F show that rapid increases of 23, 18. and
14 dB were accompanied by a departure from lineaIr phase of 140. 115. and 100 deg.
respectiv-e!. for receivers on opposite %idt-s of the fade. Reference 17 points out that the
effect of nonlinear phase is a decrease of se eral dB in arrax si..na! -ain as we!l as possible
bearing errors.

iU) The fades result from multipath int-rle;ence. Since the bottom losses for most
BEARING STAKE si-eb are %en smal! at lov frequencies we may anticipate a Irge number
ef fades due to multipaths. In order to examine this effect, a normal mode model of
coherent propagation los• ias de eloped for Sit, ! B ba.e-d on a ti pical sound-speed profile
and on a detailed sub-bottom structure.

tC) Figure '; presents the normal model propagation loss at 25 ltz as a function
of range over the range interval from i -5 to 225 ki. The receiver depth is fixed at
,34S i m and corresponds to the hottom-rnounted ACODAC at Site I B. The dots are the
experimental measurement-, of the ACOI)AC. The propagation is indeed characterized b%
laree numbers of fades-

60.00
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90.00 • •"• °

1~00-3

12000I I I I I
;5 180 M8 1t 195 2W0 235 210 215 220 725
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WC) The number of fades was counte~d over various range intervals and expressed as
the aiverage' distance between fades. F-or example. in Fig. 25 thle average distance between fades
exceedine 5 (lB os 0.9 kml. For fades exceeding- 10 dB the average distance is 2 k n. Computa-
lien nade ovcr flhe same ranee intenal at -50 1-z % ielded corresponding values of 0.6 and 1.3 km.
rre-speci~cl% - Computation for other range intervals showed a strong range dependence. For
example, in the range interval front 2-5 to -75 kil one could. on The average, expect a I O-dB
fade every- 1.4 km at 25 liz and every 0.8 km at 50 Hiz. T-he corresponding values at 463 to
550 km are 3.-6 and 22km. This range dependence results because the number of multi-

* ~path- is reduced b% bottom loss- Reference 1 S discusses similar computations made under
conv ergence zone condi1tions in the Pacific and Atlantic for this latter interval of 463 to
550 km- Values obtained for I 0-d B fades at 25 and 50 Hz were from 10.3 to 20.5 km and

front 6.9 to 30.8 km. respcctivel%. -It then appears that I 0-It fades in propagation loss for
the Indian Ocean occur at !ea~t three times as often as Uie% do for con--erencc zone propa-
eafion in the- Ailantic Or Pacific OLeanS. We ma,. then anticipate more problems with array
Ineainor-inine -in the Indian Ocean than in the Atlantic or Pacific Oceans-

IL U The study just described involhed looking at the variation w.ith range for a
fixnrchrdt. This %arlationi %%ould be applicale to a horizontal array in an cndfire-

cont'Iieurition. Iltm~ever. the%. LATA and the QANMS arra% were operated in a near-broadside

(U) The nominal depth off the front en~d of the QAMIS array was 2100 m. with an
upward till of about I dieg. T-he corre!-ponding values for the LATA were 300 in and

L5d-egSneteASara is Q25 ni long,- the nominal depth of the tail end wvas about

IS()9si. The cor-responding values for L:ATA were 1 -200 and -269 in. Thus, even in a broad-
side- configcuration, lthe arra~ts arc!subject: to a ,ariation in propagation loss from element to
element due to ithe fact that the element-. arc at different depths.

(C) The nominal ranee of mnteresi for an examination of array performance was
eiven a!. 200)km.- I-i-mil 26 is a pr'-pagation loss-- contour plot gene.atcd 1~y the normal
mnode miodel for Site I It at a frctqucn:m, of 2-5 Hz-. Contours are presented at 5-dB interv-.

from ( to ~5dB. Th rccei, er depth :'ntenal co,'ered is fromt IS0 to -345manthrng

intenal i is fromt 195 to 205' km. This plot co-t rs tihe depth inten als of interest for thle two
arrats. The propagatiani loss pifit of F-ig. 26exhibits a -patchiness- which is characteristic

ofalaree inumbecr of bettom bourcc niultipaths. Figu.re 2prsent a0 godov% o h
ituation. but does no rovidc [the detail r.;.sar% to assess thec amount of variation in

propa-it ion ltiss across- each arra%.

(U) Thsvariation was asesdby a special normal mode computer run a-dapted to
determine tile %.aria:ion in propagation loss over sonme given depth intervalI for a fixed
i-inge. The given dcpthmintenals werfr-omi 187 to 200 in in 2-nm steps and from 270 to

30wi in 'S-inl -Icr'%. llew inten~alfs corres-pond ito nominal array tilts of LI1 dc-- for the
X %IS arra% andi 1.4 dc-- for thle L.ATA. Thec normal mode program was run from 19510o

205 km in ranec incrcine;;;s of 50 in. This results in 201 range sampics.

WI Figure " presents propagation lo!.& as determined by the norma m1node program
4 at a frequenc% Of 50 liI. Propagation loss is shown as a function of rcceiver depth over the

nmenral Of 2'0 to 3(AW in at fixed ran,-es- of 196.0. 100- -2. a-nd 196.4 km. Thr variation
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across this depth interval is 8.4. 29.8. and 7.0 dB. respectively. for the three fixed ranges.
This example was chosen to depict a very deep fade. Since computation; are made in
rainge increments of 50 mi. there are three additional range cuts available between 196.0
and 196.2 km and also between 196.2 and 196.4 km. These data have also been plotted but
are not presented here. These additional data show a smooth transition between the cuts
shown in Fie. 27. On the basis of the data sample and on other samples. it has been estab-
lished that the range and depth sampling considered here is adequate to determine the
variabilitv acioss the interval.

(C) All of the data for the special normal mode computer runs were summarized

in terms of the percentage of range samples for which the propagation loss variation over
the depth interval (for the fixed-range sample) exceeded 5 dB and then 10 dB. The results
for several different configurations and for frequencies of 25 and 50 Hz are summarized in
Table 3. For example. at 23 lHz. 8 percent of 201 range samples (i.e.. 16 samples) had a
10dB or greater variation over the depth interval from 187 to 200 m.

Table 3. (C) Percentage of Range Cuts in the Range Interval from 195 to 205 km
for which the Depth Variation in Propagation Loss over the given Depth Interval

exceeds 5 dB and 10 dB. (U)

• ~DEPT!l

ROW (liln (in) (Mn) 5 dB 10 dB

25IS17-200 2 Mn 25 8
S2 2', 270-300 3m 45 16

32 170-200 3m 41 15
4 50 187-200 2 m 46 17

5 50 270-300 3 m 66 31

6 50 170-200 3 m 68 3i

C Rows I and 4 pertain to the OAMS array configuration and row 2 and 5 to the

LATA configuration. The first important feature to note is that the percentage values for
the LATA are larer than for the OAMS array at both frequencies. This is in aereement
with the experimental measuremenis of coherence, which were generally better for the
OAMS array than for ;he L-TA. The question now arises as to whether this is a result of
the OA:.q -.r-ayv and the LATA beinc at different depths. This was examined by making
calc.ati .. or the interval from 170 to 200 m. Thus. the results of rows 3 and 6 repre-
sent the cas. where the LATA is placed at 200 m rather than 300 m. Note that the results
of ro%% 2 are close to those of row ' and the results of row 5 are close to those of row 6.
[hus, the important feature for this model is not the difference in the nominal depth of
LAIA. The sienificant feature is that the longer length and larger tilt angle of the LATA
result in a larger depth interval and an increased chance of lare variation in propagation
loss along the array. In other words. comparing rows 2 and 3 and rows 5 and 6 of Table 3
shos that. for this model, which does not consider a region of mid-depth sound-speed
profile complexity, there is no depth dependence for the variation of propagation loss.
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It attributes increased variation to an increased depth intervia for the LATA. However. a
subsetI LATA (configured in sensor spacing bunilarity to tlie 0AS array see Ref. 12)

- ~showed that the depth interval (not iichiding tjit differences) did noi azccount for the
increased LATA C and ASG variation. Thus. the depth&l-dIpndent sotund--speed profile

p
complexity remiains thie most plausible cau-se of the inicreased C and ASG variation for the

- tht dof cmplxit
LATA. and using a sound-speed profile tadoes have a iiiid-depth regionofcmlxt

3 sNhould resol~e this question.

(C) The second important feature of Table -3 is that the percentages increase with
frequency. Indeed the values in the -10 dB' column for 50 Hiz are almost exactly twice as
large as the corresp~onding 25-l1z values. Thus, the percentages scale directly as the fre-
qojencv in this case. Since the perceniage annot ex-..eed 100 percent. the dependence on
frequency cannot continue to be linear bu: must saturate. The values in' the -5 dB- column
begin to-- show the effect of satura 'on. The ratios vfros 4 to 1. 5 to 2.and 6 to 3 are.
respectively. 1 -.8l.. and I.-- rather than a 2.0 ratio of frequencies- There were no LATA
or OAMS array mneasuremnents at 50 ~r_ However. the cohetrence measurements were yen'
poor at frequencies of 140 and 290 Ilz (see Ref. 10). The cailculat*,ions of Table 3 ,stronglyv
ituggest that varsiation across tile ariray is a Principal cause of the loss of coherence. The
present study %,as lipited to a~ frequcncy of 50 liz because of stor-age limitations in the
normial mode computer program. Computations at 1-40 11; could be made but would be
relatively ex pensive. require -Considerable effort and asre bev ond the scope of the present study.

(C) T-he aidequac% of the range samplhng in general me Table Swas tested at 2_5 Hiz
by calculating permentages of range samples taken at I100-ni ranee increments. The-se per-
centaees vi.ere e.ssenfiahll the samen as thos;e alread-, d;es-%nbtd for 0-rn- ran-ee increments.
It appears then that 100-in increment' v%;7re adequate for 2-5 1l~z and. since the sampling
rate should he proportional to frequ;enc:% 50-ni increments should be adequate for 50 Hiz.
The adequacy of the sampling rate %%as alio dcetermined- h% the investigation of Fig. 2
as previously discussed.

WU) There is a further cluestion about the normal mode results wvhich is not
answvered hw Tatble 3. Wh'at is the distribution of rance intervals for the caieznorcs of Table -3.
i.e. do the percentagres of Tab;;. 3S result fromn many Small isolated intervals or fn;m several
hugh contiguous intervals' As ;he initial stepl in addres.,ing this question. t'.%o pieces of data
from row 5 of labie 3 vi~ere invcstieated in detail. i.e.. the distribution of rance inter,,als
where the variation was und,:r ; dli and over 10Jdl.

(U) Figure 28 presents the, percenta-gec of range -.3mples. as a ftinction of nin ;Cngth.
I-or example. for 8_5 percent of 201 range samplc% i.e-. 17 .amnples) the variation was over

10 dBi for aa single 50-an interval The longesi rangeC interval forw~hich the varimlion %%as over
10 dBi was '300.-n and this occurred only once. However. the variation was less than 5 dBi
over three intervats which %%ere 2530 m jong.

(U) Consider now thle case wherec the %ariation was under 5 dBi. The longest. range
- interval for which the variation w-'s less than i d~l was 3 50 in and this occurred twice.

Iniervals of I150. 200. and 250 in occurred onl% once, once. ar.d twice. respectively.

(U) An alyi.similar to that of F~ig. 28. was made for all the configu-ations in
Table 3 . The first three column%. of Table 4; are the same. as those of Tahlc 3. The next
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1-i:ure 28- W) I"e;centa-ge of 50-m range cuts vs run length over which the depth Variation
in pwo-amtion hos at 50 H/ exceeds 10 dB or is Iess than 5 dB. (C)

Table 4. (C) Lcng!t~ of three longest Range Intervals for which the Depth Variation in
Propagation Loss is k-ss than 5 dB or greater than 10 dB. (U)

VARIATION VARIATION

L'ESS THAN GREATER THAN

5dB IO dB

DIFlhit INTERVAL LONGEST 2ND 3RD LONGEST 2ND .3RD
ROW FREQ (ro) foM) (M) (M) (M) (M)

W25 is?-'00 1600 700 650 150 150 I 100

2 25 270-300 900 650 550 250 150 150

3 25 170-200 1550 500 500 400 300 250

4 o0 1,87-200 600 500 500 200 200 150

, 50 270-300 300 150 ISO 350 350 250

6 50 1'-0--OO 350 350 300 500 400 300
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three colutmns tcf Tablc 4 present the length of thle three longest runs in the data where thle
variation in propagation loss over tile depth interval wa less than 5 dB. The last three
co!lmn.-s of Table 4 are the corresponding %alucs for instances in which the variation is
greater than 10 dB.

(C) Note that th-. run lengths for less than 5 dB are greater at 25 Hiz than their
50-liz counterparts. This is not unexpected because it is alreadv known that the fades occur
much more often at 50 Hiz. These fades break up thle less than 5-dB regiions- resulting in
shorter run lmenths. In contrast, thfe, ur, leneths for ereater t hanl 10 dB are lonert. 150H
than for their 25-11i counterparts- This result is somewhat surprising and may depend on
the particular level (i.e.. 10 dB) chosen for analvsis.

()In any :as-- Table 4 and Fie. 'S indicz-te that the propagation is quite patchy.
Tb~e process is not statistical in the sense that it is random. The process is variable,. with a

strctue tatIs no la -cuo that it may h described in somec statistical sense.

(U) Note that in 10 cut of 12' cases. the entries of row 3 and row 6 are longer than
those of row- 2 or row 5. respectively. This suggests that the patch sizes are longer for a
deptAi of 200 mn than for a depth -300 mn. Thus. arra'. performance might be more sporadic
at the deepier depth. This may account in part for the difference between the QAMS
array. and the LATA performance.

(U) The application of Table 4 to towed arrays depends on range rate and inte-
gration time. The ranec rate at Site 1 B was S knots, or 24- mi minute. The integr-ation
time for both the QAXIS arrav and the LATA was 4 min. Thus. thle ra-nge changed by
988 mn over the integration time-. A determination of the exact manner in which fades
affect arra% coherence is be%. ond the scope of this inlestigation. llowe'.er. whenever a fade
appears across the arra% during the integration time- a nonlinear component of phase wAill
be included in the processing proccedure and the coherece~ %ill be degrade-d to some extent.

(U) Consider no%%' that the patch size over which no significant fades occur is x
and that the integration time correspords to a range inter'al1 . The probability that

f lies completely within x is the followine-:

0 for x <v 0 (a)

- v 'o < -- fib)

andL~ Ifor x>2 (Ic0F (C) As an example of the application of this analysis. assume that no significant
degradation occurs. if the variation in propagation loss is lcss- thtan J; dB. Thus. x takes on
the valuies of columns 4 to 6 of Table 4 %%'.hilec is 988 in. corresponding to a 4-mmn intc-
gration time and S-knot range rate. TPhe oni, %aliies of x for %%'.hich the probabilit% is not
zero are the two longeei'ah st run cntires- inTal 4 at 25 liz. ilk: probability of thes;e entries
for the QAMS ziray is 0,62. while the-- probability for the LATA at 200 m depth is 0.57.
Based on this assumption. perfsorniance %%'ould be poor even at 25 liz because there is onl%
one run interval oiea- the range from Mr5 to 205 'Kmn where a detection could be made.
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TIhere are no such intervals at 50 I11 '1 his analysis is hypothetical. ihowever. it provides a
reasonable explanation of measured observations. i.e.. array coherence is sporadic with
range. arrav coherence is better for the OAMS array than for the LATA. and array coher-
ence is very poor at higher frequencies.

(C0 We anticipate that the generai conditions investigated here theoretically for
Site I B %%ouid also hold for Sites IA. 2. 3. and 5. Site 4. however, is not bottem-limited
but has a small depth excess. Convergence zones are prominent in propagation data at
2N0 Ii/ but appear indistinct at 25 lHz. There are two aspects of Site 4 which would tend to
increase the patch size of good propag;.tion and. hence. array coherence. The first aspect is
the presence of convergence /ones. The second is a greater bottom loss in the Somali Basin
(Site 4) than in the Gulf of Oman or in the Irdus Fan (remaining sites). This greater loss
would reduce the number of multipaths and. hence. increase the patch size.

(U) This analysis of array coherence in terms of the variation of propagation loss
across the array has been largely speculative. However, present plans call for a detailed
theoretical stud'. in FY 80 of array processing in the BEARING STAKE environment. A
normal mode model would be developed for Sites 3. 4. and 5 as discussed here for Site I B.
The acoustic field as generated by the mode model would be used as inputs to the array
processing. beaniforming. and coherence algorithms. The theoreiical outputs of these
algorithms will be compared with those measured during the experiment. This analysis
should a!ýo determine if there is a significant difference in the results of the OAMS array
algorithms compared to the LATA algorithms. The question of optimum or improved
aigorithms fer the BEARING STAKE environment should also be addressed.

3. !U) AREA ASSESSMENT OF COHERENCE AND ARRAY SIGNAL GAIN

3.1 (U) INTRODUCTION

(C) I-or BLARING STAKIF. phase coherence processing was done at six fre-
plencies (22. 25. 42. 36. 140 and 290 Hz) and at five sites (Site 3. I B. 4. 5 and 2) for the
OAIS array data. and thie results are reported in Ref. 10. Phase coherence processing was
done at '; antd 36 11/ and at Sites 3 and l B for the BMA. and the results are reported in
Ref. I I - Phase coherence proce.sine was done at 22 and 25 Hlz and at Sites 4. 5 and 2 for
the LATA. and the results are reported in Ref '2. Array signal gain processing was done
only at 25 11/ for the OAMS array, the BMA. and the LATA. and the results are reported
in Ref. 13. The purpos- of this section is to take this material from Refs. 10 !hrough 13
and perform an area assessment of phase conerence and array signal gain for these five sites
in fhe Northwestern Indian Ocean.

(U) The information for this phase coherence and array signal gain area assessment
report i-, taktn from Refs. 10 through 13 and is treated below in chronological order (i.e..
S•t•s 3. 1 B. -. 5 and 2). T111e tables and figures from these references are prefixed by I. I1.
IIl anu IV for Refs. 10. 11.12 and IS. respectively. For example. Table 5 from Ref. !2
is denoted as Table Ill-S.

IU) nie phase coherence and array signal gain data for all three arrays can be
compared directl% b% using tile timing of the data samples and the known positions versus
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time of tile arrays and of the projector to,. ship. When the arrays are not co-located (Sites 5
ard 2) tik: possiilx different propagation conditions along the different propagation paths
from the projector to the receiveis should be kept in mind. Even when two arrays are co-
located, their different depth.s hate to be considered with regard to possible differences of
major propa.ation paths to each receiver (see Section 2.4).

3.2 (U) EFFECT OF SOUND PROPACATION ON
AMPLITUDE FLUCTUATION

(U) Before beenning the site-b. -sitc area ass-ssment for BEARING STAKE. it is
Lonsenient to appraise the effect of multipatw so:ind propagation on amplitude fluctuation
over all the selected sites in the Nc.rthwestern lndi.dl OLean. In Section ZR the nature of
sound propagation during the B'RIRN(G STAKL e-xrcm.e. was discussed on a site-by-site
basis. It %%as sho\•n that tie dv.-rce of bottom interactions (as indicated by how many of
the important ra% s contac! the bottom ani at what angles) was highest for Site I B and
lowest for Site 4.

(U) The tables in Ref. 10 give (_. fsee Eq. tA-_O:!. A. !see Eq.iA-l15I. and S.;N
ithe signal plus noise to noise ratio) for tirc OAMS arra; these qu:antities for the BMA and

the LATA are found in the tables of Ref. i I and I2. respectively. "r-ese tables show that
g-ne.ally the degree of ampli-ude flu*tuaiion. as measured b% 2A- is largel] range indepen-
dent and does not increase much with frequenc. at each site and for each array. This
".,heha' ior is shou n in Table ; on a site-in-site basis for each array (the OAMS array data
co ers all five sites %; ile the BMA data applies on!.y to Sites 3 and lB. and the LATA data
apply oniy to Sites 4.5 and 2) and for signal plus noise and -or noise.

Table 5. (C The iDegre- of Amplitude Fluctuation. (U)

OAMS 13BMAS3.1BIILATA(3.5.2)

Signal plus Noise Noise Signal plus Noise Noise

Site 3 03-0.5 05-0.6 0-3-05 05-055

Site I B 03-0- 0-5-0.6 025-05 05-055

Site 4 0N-04 03-0.6 0.2-03 05-055
(before "'cnuh event-)

Site 4 03--0.6 0.6 0.2-05 03-0.55
(after -'cush event")

Site 5 03-0.5 10i5 0.2-0 5 05-0.5

Site 2 0.4-0.55 I 055 0.2-03 055

(UI, The S'N levels for the OAMS array were high and comparable for Sites 3. 1B.
4 and * and si.nificantl, lo%%er for Site 2. where tihe seamonnt was present (see Section 2.-).

.- Still Table 5 shows that the values of A are comparable fhr all hiese sites. However. a
closer scrutinN of Table 5 does re'ea! some agreement with three phenomena that occurred
during BFARING STAK-. Note -hat Site 4 is divided into two parts in the table: before
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anti after the "crush event.." The " crusllvent" occurred at 0400Z on 16 March 1977,
when ihe OAMS approached its nominal crush depth (305 m). See Ref. 10 for more details.
Note that OAMS signal plus nois., amplitude fluctuations were less at Site 4 before the
"crush event" than after it. suggesting that the individual hydrophones are producing more

* self-noise after having been damaged by the 'crush event." (This interpretation is supported
b. noting that the OAMS noise anplitude fluctuation was also increased after the **crush
event.") This is the first phenomenon that is discernible in Table 5. The second is seen by
noting that the OAMS signal plus noise amplitude fluctuations are 1ese. at the first part of the
Site 4 s-.: than at any previous site. This occurs because tile propagation conditions were
less disturbed by bottom interaction at Site 4 than at tne other sites, which werc bottom-
limited fe.g.. compare Figs. 16 aad 17). The third phenomenon relates to the OAMS array
being towed behind the seamount during the Site 2 ex-'rcise (as discussed in Section 2.4).
Note in Fig. 6 that projector tows for Sites 5 and 2 oiemlap in the Indus Fan. Therefore. it
anpears that tile main difference between projector tows 5PI and 2P3A is the presence of
the seamount between the 2P3A projector tow track and the OAMS array. As observed
from the tables in Ref. 10. the S 'N values are lower for Site 2 than Site 5 by about 5 dB.
Table 5 agrees with this b% showing higher OAMS sign.l plus noise amplitude fluctuation
at Site 2 than at Site 5.

(U) Ilere are some further observations from Table 5. With respect to BMA and
OAMS signal plus noise amplitude fluctuation behavioi:. Sites 3 and I B are essentially the
same. Note that at both Sites 3 and I B that the BMA and OAMS signal plus noise ampli-
tuide fluctuation behavior is essentially the same. The LATA (in contrast to the OAMS)

fails to detect less signal plus noise amplitude fluctuation at Site 4 (which has little bottom
interaction) than at Site 5( which is bottom-limited). In fact. the LATA sensed similar
signal plus noise amplitude fluctuation at Sites 4. 5 and 2. This appears to be due to the
more complex sound-speed profile that occurs at the LATA tow depth: see Section 2.4.
Note that Sites S and I B for the BMA and Sites 4. 5 and 2 for the LATA are essentially
the same Cwith respct to signal plus noise amplitude fluctuation. Finally note that the
noise amplitude fluctuation as measured with all three arrays is quite similar at all five sites.

3.3 (U) DISCUSSION OF SITE 3

3.3.1 IU} OAMS -Xrray Phase Coherence and Array Signal Gain
(C) The OAMS phase coherence data analysis for Site 3 is summarized in Tables 1-2

through 1-9 and in Figures 1-2 throu•h 1-28iRef. 10) for 25.42. 140 and 290 Hz. The

OAMS array sienal egin data analysis for Site 3 is summarized in Tables IV-1 through IV-3
and Figures IV-2 through IV-7 (Ref. 13) for 25' and 42 Hz. The tables give AT (the averag-
ing time interval) 20 hel 0 Aa. the source bearing 4, Isee Eq. IA-3)1. Cp, .A- CT [see Eq.

I A- 1 ')1. A.(; [ :or weighted anti unweighted beamformers:. .ce Eq. t:A--4') . S,'N (the signal
plus noise to noise ratio in tilL and the range R. Rlasci ulmn these results some obser-a-
tions can be made about the phase coherenicc as nimasured by Cp) and the a,-ay signal gain
las measured by AS(;) al Sitc 3 for tIe OAMS array.

49

CONFIDENTIAL

- .. . . . .. .Am III l I I Il lII l I I il H J l I al l I I



CONFIDENTIAL

(C) The OAMS array phase coherence and arriy signal gain data were taken on
three linear projector to%%S across thle center of the lindus Fan: see projector tows 3 P1
(i.e.. projector tow P1I for Site 3). 311.3 )and 3P)4 in Fig. 3.The relevant figures and tables of
Ref 1 0 slio,. that the phase coherence decreases se% erely as the frequency% increases from 25
to 290 1kz. whi~e the S'N values remain comparable and high. This SIN behavior is explained
as follous- Although thle projector source !eve! was !-tss at higher frequencies and dlthou-gh
the propagation loss increase- %% ith fretluenc% dut, to higher bottom reflection losses, the
ambient noise level also was less at huigher frequencies. and this kept the S/N values high.
While there is a decrease in phase coherence with increasing frequency (while S,'N rennains
hiJh). which is relevart to ar-ray performance for these higher frequencies (i.e.. 140 and
290 llzj. che real significance of this trend must be considered in terms of arrav lenetl'
dil idei by thle wavelength. This is important because it has been observed that coherence
can decrease as thle aperture length (in units of wavelength) increases. Theiefore. the best
~ay io compare arra% s at diffi-rent frequencies is in terms of phase coherence for constant

aperturz )nengh in units of waveleniilh. This latter procedure is suggested for more detailedI
studies of phase c olirence versus freq uenc~y.

(C) Figures 1-2 through 1-10 (Ref 10) anid Figur-es IV--` through lI'-7 (Ref. 13)
:fhow that the phase coherence and the array signal gain, respect ively. are generally range
independent up to about 310 kil. %s a' ex-ample see Fists. 29 and 30. Which correspond to
projector towv 3P4 at 25 liz. (For c':amples of 140- and 290-hPz results. see Figs. 301 and
32. respectively.) Note the wide variability cf C anid ASG with range due to Multipatil
interference in !his bottom-limitcd eniironmen- with its complex sound-speed profile
structure (see Section 2.4). Reference 12 discus-,sthe varying structure of the signal fiedd
along thle array that causes the high variability of C and ASG. The scatter of values that
appear in Figs. 29. 30. etc- is due to undersampling of rangewise continuous functions.
Fieures IV-2 and WV-3. IV-4 and ['-.and !V-6 and IV-` show that thle values of ASG are
somewhat better for tire liai-nmine-wei.-hted OAMS array than for the unweighted array.
This is. of course. not surprising in a multipath environment since thle weieahtine dccr-eases
thle contribution to :XSG of sensor aroup pair-, at greatcr separations. i.e.. reducing the
effective array aperture.

3.3.2 ( U) BMNA Phase Coherence and Array Signal Gain

10) Thle BMA phase coherence data analysis for Site 3 is summarized in Tables
11-1 and 11-2 and in Figures H-S and 11-6 (Ref. ! 1 for 25; and 36 liz. The B.MA array sisiial
gain data analy-sis for Site 3, is summarized in Tables IV-14 and IV-]l5 and in F-ieures IV-2S
and IV-29 (Ref. 131) for 25 and 36 ilz. The BMA phase coherence and array signal gain
data were taken on two straight projector tows across The center of the Indus Fan: see
projector tows 3P2 and 3P4 in Fig. 3.Figures l1-1IS andi 11-16 and Figures IV-30 and
IV-3 I show that the phase coherence anti the arrax Siena! gain., espectively. are generally
range independent up to 300 km. AM an example. see Figs. 33 and _334. which correspond
to projector tow.3114 at 25 hIli. Note the wide variability of' C and -ASc wvith ran-e that -

- ~~was observed in Sctlion 3.3.1.
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Figure 29. (C) Phase coherence as a function of range: QAMS

arMV: Site 3: track 3P4:25 Hz: 10-11 Febra.v 1977. (C)
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3.3-3 (U) Comparison of the BMA and 'the QAMS.Arry

C ieures 2~.3.3.ad~ Iscterit phase coherence behavior and the

relative array signalgi bhior on projector Ioii 3P4 of the QAMIS array (with the source
bealrine ne-ar 90 dc-) i.e.. near broadside and theý MIA (withi the source bearine near 16 deg)
as a function of ranee ;It 2i hI.z As Lan be Neela fromn thuse figures. the perform.ances of the
bottomp-mounted anc1 the mid-depth to-aed arra,.- are c:omparable. Therefore, it appears
that for thi5 bottenm-limited region )I the Northwestern Indian Ocean. the phase coherence
and the arra. sienal gain performances are e~enfially thle samt. for bottot--mounted and
mnid-depth towed airray s. Aý, %%z,~ shown in Ref'. 11. the itensor spacing for the BXIA at Site 3
'Ual %Xonsidea'' different from that for the (JAXS arra.±- To obtain a more nearly accurate
comparison 0f the towed arrax ixith thec BNMA. a %u~b~e (JAMS array (configured similarly
in sensor spacing io the BMA at Site i tudied. ReterenceN 11I and 13 show that this

'.i.ttowed arzax pcr!orme:d ew.:ntiill% the ,am;: a% the bnotto-mounted array with
regard to Phase coherence and arrias sinal cain behavior. Incidentallv. Fieures IV-6. IV--
and IV-S5; sho'u that the inaiehichtd total and suhbset OANIS arrav-s are similar in AS'- ranee-.
wise performance. while the wei-ehted (JAMS ars lightly outperforms bcth these cases-

3.4 1 U) DISCUSSION OF SITE Ili

3.41 U) QANS Arrav Phase Coherence and Array Signal Gain

(C) The OAMS arra-- pha%-e cohercrnce data anaiK ;is for Site I B is sumnairtied Sin
Tables I- 10 throuhi I- 12 -ad -in Fieurc% 1-21L) ihrouc-h 1-SI (Ref- 10) for 25;. 140 and 2190.4z-
The OAMS aria% signal cain data anahs-sis for Site I B i; .uimmanzied in Table IV-4 and in
Figares IV-S and WV-11 i Re. 13%) for 25z Ili. The (JAMS arra-% phase coherence -nd array
signal g2ain data .erc taken on one linear prjcor .to~oer the Oman Basin: see projector
tifl". 1 BPI' in Fig- 4. The relesan: tieurt-s and1 tablcs fit Rct- 10 show that the phase coher-

* en-ce decreascs se%;:rei% as the Ireqluncri iincrcas, from 25 to 290 11; while the S'N values
remain comparable ant! high. This- is similar to fthe- behiaxior for Site 3 and the expianation
aci%%n in Section 1.3.1 applitn. here also- Figure, 3 3 and 3b 56show that the phase coherence
and1 the arrav signal gain is eenecralh% range: indicpenrdent u tonI- aboum, 200 kin. where the'--

*decrease .o..culhat with -Prange out to about 300 k;-, This decrcase in p~hase coherence and
array signal gain corr;.sponds :o the- %ource being tom ed oner in irregular sloping bottom aý.
s-hown in Fie. 4. There is no sicr~ificant decre~as in S N value!. during the low over the
Sloping irreg-ular bottoni. so the decrease in phae- Loherencc and arr-ay signal gain appears
to be caused h% the irregidarit% of the bottomt contour. Note the, wide %variabiliv. in C
and ASC .% ith range due to mutltipath interference is increasecd b,, the irrceular bttIomi slope

reio. Coprn I-w-urcs IV-S and IVM0 %hou-s that the , alues of ASG arc somecwhat better
for the wenghted OA\IS arra% than for the unsscighted arra% - 'this was also observed in
Section 3.3.1.

3.4.2 (U) BMA Phase Coherence and Array Sienal Gain

(C) The BMA phase coherenc, data analys;s for Site I B is summar.i &d in Tables-

Il-S through Il-- and in I-igurc% 11-21I throuch 11-3-i (Rcf. I II for 25. S6_ and 42 Ili. Thec
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B.MA arrav sienal ieiin data anal~is for Sitc 18 is sumnmarized in Tables IV-16 tbrou!nh IXV-20
and in Figures IV-SO3 th~rougi; IV-S 4 f Ref, U3) for 2-5. 36, and 42 liz. The BMA phase- coher-
erce and artiv siena! eain data were ta-ke.n on fi% c projector tows o'.er the Oman Basin: see
projector lows I BPI. 1 BP4. I BPS. I Bl2 and I HI'S. Onl% the- resut o rjco o P
are of interest here- since the: results for lthe other to%%- a-cree u ithlithe behavior for tow.i I BPI
discussed. Fis-ures 3S and 3 8 show that ithe phase coherence and the arr-a- sicena! Pan are
generallk rancge independecnt up to about 300 kin. and the irregular bottom slope has no

appren efect~ A(; e~-ont! 200 . Note lthe v d ariabifity of C and ASG with
p

range due to inulipathi interfereace is no! increa!,ed b;. the irregular bottom slope, region.

3).4.3 (U I Comparison of the BNIA and the QANIS Array

40; 1-iures 35 throu-h IS zivc thw reiatiic phase coherence bechavior and the
relative array signal caint behavior or projector tow I BPI for the QAMSmmrrv (with the
source bearingceenera~l:- between ý'5and lX0ideciand the BMA (with the source bearing
near 160 deg) as a function of range :;1 25 Iliz As can be seen from these figures- for the
bo-ttom-mounted ar-'v the phase coherence and zthe array signal gain showed' no rangewise
increase in variability and no raneer'iws chancet due it, lthe irrecgular bottom slope (possibly
due to lthe Presence of bottom fpath5) On thei other hand, for the mid-depth towed array.
the phase coherence and the arma signal cain decreased and became more iariable as the
projector was lowved over the irregula-r sloping bottom. Observe that the phase coherence

-' behavior and the arrav sienal eain behavior of the bottomi-mounted and the mid-deptt"
towed arrays were comparable before the irrec!ular bottom sloping ranges (this is in agree-
ment uvith the results for projector tow 331'4 in S:ction 3.-'.3 5). Therefore, it appears that
for !his bottom-limited reeion (near Site I B) of lthe Norlivatsicm Indian Ocean the phase
coherence and the ama s;gnal gain pnrforman~.cs arc cssentially the -same for bottom-
mounsted and m-id-depth towed (above 250 m.- seec Section 2.4) arrays except for the irreceu-
Jar bottom slope region. £-icures _21. 3SO. and 33 ;hrough _338 shor. that the phase coherence
behavior and the array simnd eain b-,havior it Site 3an-d at Site l B (until the irregeular
bottom slope region) art comparable for the BMA amid the OAMS array. Therefore, it

appears that there is no significant difference in phase coherence and airay signal gain
behavior between, these two sitc-- This is especcall% true .iue to the wide rangewisc vani-
abiflt of C Pand AS(G cause"' by the muluipath interference in these bottomn-limited
rezions with their complex sound-.peed profiles. As w~as show;n in Ref. I i - the sensor
spacing for t e NIMA at Site I B was considerabb. different from that for the OANIS array.
To obtain a more nearly accuirate comparison of [the loaeuiarra% with the NIMA_ a subset
OAMS arra,. (configured similarb, in -- rsensr spacing to the BMA at Site I B; was studied.
References 10 and I I show that this subsct towed ama perf.ormed esser-tially lthe same as
lthe bottom-mounted armay with regard to phase cohernceic and ama sienal cain behavior
except that the BNIA behavior was much less disturbed b% the irregular slopiing bottom-
rhis latter phenomenon may indicate that the JIMAasas receiving a significant amount of
sound propagation through bottom paths, Incideniall% - Figures WV-8. IV-9 and IV-3 % show
t hat thei unwveich led and t he s-utset OAMS array - arc similar in AS(; rangewisc bechavior.
while the weighted OAMS arry slightly outperforms both these cases.-,
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3.5 (U) DISCUSSION OF SITE 4

3.5.l1 (U OAMS %tray Phase Coherence and Array Signal Gain

K( The OAMS phase coherence data analysis for Site 4 is summarized in Tables
I-I throsgh 1-20 and in Figures 1-38 through 1-41 1 Ref. 10) for 25.36 and 140 Hz. The
OAMS arr-'. sienai gain d ita anal% sis for Site 4 is summirarized :n Tables IV-5 through IV--
and in 1-i-s. IV- 10 througi IV-1 Ref. 13, for 25 and 30 litz. The OAMS array phase coher-
ence and arra% sienal !ain data .ere taken on three projector tows in the Somali Basin;
,cc projector tows 4P.. 4P3 and 4115 in Fig. 5. The relevant figures and tables of Ref. 10
%ltnw that the phase cohlirence dt,-reases severely as the frequency increases from 25 to
140 liz. u hile the S N vluts remain comparable and high. T his is similar to thc behavior
for Sites 3 and I B and the explanation is given in Section 3.3. I. Figures 39 and 40 show
that the phase coherence and the arrs. ,ignal gain are generally range independent up to
about 150 km on projector to% 4P1 at 25 1iz. Note the wide variability of C and ASG
with range due to multipath interference- Comparing Fies. 29. 30. 39. and 40 show-s that
the phase coherence and the arra% signal gain is less variable on projector tow 4P1 than
on prjector tou 3P4. This behavior retrects the tact that the Site 3 is bottom-limiied while
Site 4 is not (see Section 2.4). Figurel., 4i and 42 show that the phase coherence and the
array signal gain are apparently range independent on projector tow 4P5 at 36 Hz up to
about 250 kmi. This decrease in space coherence and array signal gain corresponds to the
source beine tossed over an irregular sloping bottom as shown in Fig. 5. Because there is
no significant decrease in S N values durine the tow over the it reguiar sloping bottom.
the decrease in phase coherence and array signal gain appears to be caused by the irregu-
laritx of the bottom slope region. This behavior also occurred on I BPI ard is discussed in
Section 3.3.1. Fieures 1-39 and IV-13 show the C_ and ASG values. respectively, for the arc
tow 4P3 at 25 lIz. Here the loN values occur at lovs S N valu.e and there appears to hte no
bearing dependence in pand AS(;. Figures IV-I0 and IV-I 1. IV-!2 and IVA13. and 1V-i4
and IV-l 5 shov. that the value-% of ASG are son;eu hat better for the x•eighted OAMS array
than for the unweighted arra.,. Ths -. also ob'ered in SetizNs 3.3.1 and 3.4.1. Unfor-
tunately much interesting OAMS coherence data wa; lost on I - and I S March 19-- because
the source frequency 'ent t) 39 1tz rather than the planned .. .of S liz. (The
quadrature detector had not becn built to handle 3) liz.)

3.5.2 (U) LATA Phase Coherence and Array Signal Gain

(C) The LATA phase coherence data analysis for Site 4 is summarized in Tables
111-2 through 1114 and in Figs. i Ml-1. 1ii-21. anti 111-25 (Ref. 1-2) for 25 1z. The LATA
-rrar signal gain data analysis for Site 4 is summarized in Tables IV-2 through I\'-4 and in
Fies IV-i -. !V-2 I. and IV-2_ (Ref. i3) for 25 1,,. The LATA array siena', cain data analysis
for Site 4 was taken on three projector tows in the Somali Basin: see projector tows 41I. -
4P_2 and 41'3 in Fig. 5. Onl\ the results for projector tow 41P! will be considered here since
the xesul;, for projector tows 4P_2 and 4P-3 are esential!% the same. Figures 43 and 44 show
that both the phase coherence and the arrai signal gain are gencrall\ range independent up
to about 200 km. but both %ar% greatli due to multipzith interference and the sound-speed
profile imall-scalc structure discu-Ned in Section 2.4.
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3.5.3 (U) Comparison of the LATA and t[ie OAIS Array

1C Figure, 3 .40.43 and 44 Live the relative phase coherence behavior and the
relative arrNa signal gain behavior on the projector tow 4P! of the OAMS array (with the
source bearing near 90 dfe) and of the LATA (with source bearing varvine from 30 to
1801 dog) as a function of range at 25 liz. As can be seen from these figures. the OAMS
ph~ase coherence and arrav signal gain waw higher and far less variable than for the LATA.

As discussed in Section 2.4. this difference in be'havior is attributed to the OAMS array
operating at 200 in. which is above the c-omplex saund-speed profile structure that occurs
below about 250 in. and thie LAI A operating at 300 in. which is definitely in the more
complex profile structure.

( U) The different apertur-, lengths and h% drophone group spacing of LATA with
respect to those for the OAMS arrax have to bi- considered in this comparison. By using a
LATA subset array that mLatched the .OAMS arra:. geunmetr. fairi% weli (see Rcf. 12). it is
shown that the rancewxe variabilit\ in the s-.bset LAT-X data was only slichtly rz-duced
from that tor the total ILATA.

3.6 (U) DISCUSSION OF SITE 5

3.6.; !U) OANS Array Phase Coherence and Array Signal Gain

(C) The OAMS array phase coherence data analysis for Site 5 is summari.ed in
Tables 1-21 through! 1-25 and in Figures 1-4S througl: I-52 (Ref. 10) for 25. 36. 140 and
290 tiz. The OANS array signal gain data anai% sf for Site 5 is summarized in Tables IV-8
through IV-I 0 and in Figures IV-I 6 throudh I'-2 I Ref. I3 ) for 25 and 36 liz. The OAMS
array phase coherence and arra% signal gain data %%cre taken on three projector tows over the
indus Fan and the Carlsberg Ridge; s-e projtctor tons if'". 5P3 anti 5P5 in Fig. 6. Only the
jesuits for projector tOn. 5PI will be con.idered here since the S N values on the other pro-
jector tows were gener-al! !-)w. The relevant figures and tables of Ref. 10 show that t.he
phase coherence decreasescs-verely as the freque-icx increases from 25 to 140 Hz. while the
S'N values mmain comparable and high. This is similar to the behav'or for Sites 3. ! B and 4.

and the explana;ion is given in Section 3.3.1. Ficures 45 and 46 show that the phase coher-
ence and the array signal gain are generally range independent up to about '50 km. Now.
again the wide variability in C and AS(; with range due to. inultipath interference. Compar-
in- Fies- 39. 40. 45. and 4(1 %hows that the phase coherence and the arram sgnl,. gain are less
variable on projectcr tow 4PI than on projector tow 5PI. This behavior reflects the fact
that the data for the bottom-limited Site 5 is mor-e variable than the data for Site 4. which is
not bottom-limited (see Section 2.4). Figures IV- 16 and IV- 17 show that the values of ASG
are somewhat better for the weighted OAMS array than for the unweighted array.

3.6.2 (U) LATA Phase Coherence and Armay Signal Gain

(C) The LATA phase coherence data :,nalysis for Site 5 is summarized in Table
111-5 and in Figure 111-29 (Ref. 12) for 25 Ili. The LATA array signal gain data analysis for
Site 5 is summarized in Tabke IV-26 and in Fic. IV-40 (Ref. I) for 25 liz. Nothing will be
said about the LATA results at Site 5 since not much LATA data was processed for Site 5
due to time constraints placed on the project.
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3.7 ( U) DISCUSSION OF SITE 2

3.7.1 (U) QANIS Array Phase Coherence and Array Signal Gain

(C) The OANMS array phase coherence data analysis for Site 2 is summarized in
Tables 1-26 throughi !-3 1 and in Figures 1-63. through 1-68 (Ref. 10) for 25 and 140 Hz. The
OAMS array signal gain dita analysis for Site 2 is sunmarized in Tables IV-l I through IV-] 3
and in Figures IV-22 throug-h IV--'- (Ref'. 13 )for 25 Hiz. The QAMS array phase coherence
and array signal gain data were taken on three prcjec!or toas over the Indus Fan; see pro-
jector tows 2P. P3A and 2P-3 in Fig. 6. Unfortunately all the OAMS array tows for Site 2

-ere- conducted, a-, shown in Fiig. 6. behind anl eloigated seaniount in tile eastern Indus Fan.
FI ure IS shows the effect of thle sealloul. onl somue r~ay traces for a typical Site _2 case. and
Section 2.4 discusses the consequences- of thle presence of a seamount near Site 2. Fig!ure-s 47
and 48 show that the phase coiI~rence and thle array siga gi wr geneal ag ne

pendent up to about 1000 kil bu; were somewhat reduced and much more variable on
projector tow _2PS3A (seatnount) than thle comnparable case of projector tow 5P I (no sea-
mount) shown in Fies. 45 and 46. Tables 1-21 and 1-28A show that the S/'N values were
about an avcrage of 5 dB higher and less variable at similar ranges for projector tow 5PI
than for projector tow 2P-3 A. In shortgiven conditions which are otherwise identical (i.e..
same ran.-, 2nd soumee strength). the seamiount, produces perturbations in the measurements
of phase coherence :and array sigrnal gain that would otherwise not have app)eared. This
situation seems to account for the reduced S 'N valuecs for Site 2.

3.7.2 (U) LATA Phase Coherence and Arrav' Signial Gain

(C) The LATA nharc coherence data analysis for Site 2is summa.rized in Table
liI-6 and 111-7 and in Fieures 111-3 _ and 111-3'4 (Ref. 12) for 25, liz. Thte LATA array sienal
gain analyisis for Site 2 is summarized in Tables !X"-"7 and I-Sand in Fteures; 1V41 and
1V-4 i Ref- 1 3. for 25 f Iz. The LATA phiase cohemience and array signal ,;a~n analysis data
were taken on tw.%o projector tows over the_ Indu~s Fa;seprojctor tows 2`P3A and _`P3 in
Fig- 6. The results for Ilthse two tous are v.erv- similar. Figures 49 and 5;0 showv that both
thle phase coherence and the array signal gain are generall% range independent up to about

'50 km. but both vary gre-atly due to Mullipatl inierferec its:d h ml-4esud
speed proffile structure discussed in Section 2.4. The source bcarine varied from 10 bo 150
deg. Due to the influence of the sti.'mount on tht. OAM*%S data, a useful comparison of the
LATA anrd the OAMS array results a: Site 2 cannot be made.

CONFIDENTIAL



CONFIDENTIAL

0.8 1
0-6 L- a

0.40

02-
0.00

to 200 400 6 80,0 1000 120*

•i RANGE. km

S~~Figure. 47. {C) Phame co.herence as a function Wf range. OAMS array: Site 2. track 2IP3:
S27-28S Apnli 19717:25 fit. (C)

0.0

-2-0 -

S-4.0

0-.0

- 8.

•.• -10.0-

0 20 400 600 8w0 1000 1200

RANGE. krn

Figume 4S. (C) Army sigal gain vs rang. cnlcuatioas ,-ith unity" weights. OAMS a2P3:
Sit 2: trak _P. A. 27-28 Apri 1: 25 l.z. (C)

65
•, CONFIDOENTIAL

• :a ~ l ..... ===== ========= = ==== ==== -0 .0 .. . .: • . . • . . ... •

-2.. . . 0. .0 0 * * 0. m •



CONFIDENTIAL
1.0

•* ".• .- •

Os ,- - • .o

* .* -

0.4

0.0
0 200 4006

RANGE (kzn)

F::,ur 49. 10( P'insc coherence -s ran-c: L-TA arrmy. Site 2. ,ack".P.: 28-29 April

1977:25 11z. WC)

•"z -4/.0 L

!

" -6.0

-0.0-A.O. * . =

c- 200 400O 600
RAM•.UE Mkm)

Figure 50. j Q Array signal g,-tn v's :an. l:cuhtions v."ith tmi;y mv'ight. L.ATA mzra,..

Site 2. trzck ZP3. 28-2Q April 197-: 25 fir. t%'.)

66
CONFIDENTIAL

C I



CONFIDENTIAL

z;- (U) CONCLUSIONS

WC) Since the Northwestein Indian Ocean is usually bottom-limited and the sound-
- ~speed profiles ajre complex. a considerable rangewise variability exists in the plots of phase

coherenct. and array signal gain for this multipath environment. Thiis variability increases
due to the presence of irregular bottom slopes as well as seamounts. This variability is the
dominant c-harizcterislac of this body of water when the performance of lon- horizon~tal
acoustic arrays is considered. T-hence. a eeneral assessment of sig'nal coherence for the
Northwetstern Indian Ocean. based on. the BEARING STAKE da~a. is as follows. The
coherence will be a manageable problem for the performance of long bottom-miounted and

ý5 mid-depth towed array systems used for surveillance if sufficient ringewise sampling. is
employed and the towved arrays are not operated in the depth region of- complex sound-
speed profile structure.

(C Front the detailed area assessment in Section _; several conclusions can be
reached about tie perfiormance of long horizontal acoustic arrays in the Northwestern
Indian Ocean.

I1. (U) The dm-cre of amplitude fluctuations, as measured by 1:A- does not
ch.!nec much with frequenc% and is largely r-ange indepecndent up to about 1000 kmi even
over irregular sloping bottoms.

2. U) The phase coherence decreases severelyI with increasing frequency. even
when the SiN val;-zues remain high enough that noise correlations are negligible This behavior
is discussed :in detail in Section 33.31. Because the phase coherence decr-tases severely with
increasing frequency.- the array siginall gain should also decrease markedly with frequency
increases: see App-zndix.

. (U) The phase coherent-c and the array signal gai ar enrlly ranee inde-
pendlent up to about 1000 kmi except when the projector is passing over an irregular sloping
bottom. They decr-ease and become more variable for a mid-depth towed array. but not for
a h-eltoni-mounted array, when the projiector is passing over an irregular sloping bottomn.
This behavior may- reflect the importance of bottom -propagated sound paths for a bottomn-
mount-ed armay.

4. ( U) The phase c-oherence and the array signal gain arc widely variable wvith
range due to ntultipath -;nte~rfrnce and bicer-me more variable in an irregular bottomn
slope region for a mid-depth towed array, but not for a bottom-mounted array. They were
less variable at. the only site (Site 4). where propagation was not bottomi-limited.

5., (C) The relative phasec;ohe.rence behavior and the relative array signal gain
behavior of a3 mid-depth towcd array and of a bottom-mounted array were compared on
piroje-cto)r tows 31114 fin Section.>- 3.33) and I BPI 'tin Scction 3 .4-3) at 25 liz. T1he perform-
inces o, the bottoin-moun~ed array% (at about 20 deg off crndfirc) and the mid-depth towed
arra% ( near bre-adside) 'aere comparableand neither array showed a range'visc deduction in
phase coheretmee and in array signal gain (except in the irregular bottom slope region on
projector tow I Bill). Therefore, it appce-rs that for thc bottom-limit-ed regions of the
Northwestern Indian Ocean the phase coherence and the array signal gain bechavior of the
bottomi-mounted and mid-depth (above =bout 2_50 mn) towed arrays are essentially the
sanme. See Section 2.4 for a discussion of arrays towed below _250 m.
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6. (U) It was observed that the sensor spacing configuration for the BMA at
Sites 3 and I B were considerabl• diffe.rent from the OAMS arr-a sensor group spacing. To
obtain a more accurate comparison of the tawed array with the BMA. subset OAMS arrays
tcenfieured similadrl in s.nsor spacine to the BMA at Sites 3 and I B) were studied. It was
found that the bottom-mounted trraj N performed essentiall] the same as the subset towed
arra.+ and that aeain no -,-raa showed an, rangewise redu.Ilion in phase coherence and array
signal gain (except in the irregular bottom slope region on projector tow I BPI)- The ubset
OAMS arrays performed essentially the tame as the total OAV._. array for phase coherence
and array stenal gain.

7. (U) There is no siEnificant difference in phase coherence or in array signal
Sgain behavior bet-een the bottom-limited regions near Sites 3 and I B. while the Site 4

region (wthich is not bo:tom-limited) evinced less variable behavior.

8. (C) In the Northwestern Indian OLCean. the surveillance performance of towed
arra s may be •ignificantli icpendent on the array ton depths because of the prescince of a
mid-depth region of sound-speed profile comple\ity (see Section 2.4).

(U) When soun! uas received by the OAMS array from a source towred behind
a seamount for Site 2. the S N %%as often too lo%% to allow estimation of phase coherence
and array signal a-in.
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APPENDIX.

METHOD)OLOGY OF COHERENCE AND ARRAY SIGNAL GAIN (U)

A.1 Ui INTROPUCTION

(C) Coherence measurements were conducted durin- BEARING STAKE because
signal plus noise coherence gives a quantitative measure of array performance under a
-arietq of occanogrmphic conditions when the SiN is sufficiently high. This permits the
ev aluation and direct comparison of passive surveillance systems under varying test condi-
tions. In particular, in comparing the fixed horizontal bottom-mounted array with the
towed horizontal mid-depth arrays in the Northwestern Indian Ocean environment, Ithe

coherence along each array yields performance as a function of frequency and of range fromt
lthe Towed source as it travels over a vaivine ocean bottom. The array with the largest
coherence Inormalized to have a maximum of unist%) will give the better signal input io thle
bearnformer at the given frequency A plane wave (i.e.. a unidirectional received signal).

homogeneous in amplitude alone a straight horizontal a-rray - is assumed in the design of
conventional beamformers. Therefore. the coherence Along the array cain be used as a
nicasure of bezinformer performance degradation due to nonpi nar. nonhomogeneous
sienals and, or array deformation. The phase coherence and array signal gain measure the
degradation in beam directivit% as a function of range and frequency while the amplitude
nonhomoeeneit% relates to the diegradation in the expected sidellobe suppression. Tnhus..
the measurement of phase coherence and array signal gain gives the relative merit-s of arrays-
Since the arra% %%ith the' argest cohecrence itwhen the aperture size is compiarable and the
frequency is tht same) providecs the bcst mean signal plus noise input to a conventional
be.-mformer. it repiesents the best detection performance capabilities, Jnder the Prevail-
inr. conditions. Likewise. the largest array signal gain % ields the best output for a conven-
tional beaniformer-

(Ui This report is concerned with the study of phase coherence and array signAl
g!an for long, horizontal lin-:. arra% s receil in- multipath signals from long-range. narrowband.
lo,.-frequcnc% toaced 0% projectors in the gencrallk butuim-limitcd Northwestern lvdian
Ocean. Narrou band anal% sis techn-.que-s permit the urdeirstanding and quantificalif n of
fundaricn!al signal data that sienific-anti% effect realizable s:-stem performan~ce The-refore.
the% provide a valuable method for evaluating and comparing passive stirev-1.lance trray.

systems. ~ c Th-hs oeece permits relating lthe arra% signal data to the reduction in

the -actual arra% performance from that expected for an ideal array in an ideal (verticalily
variable onln) medium. Considcrini- arra% sicfn31 gain direct]-. rclates actual performance to
that expeactd for a conventional linear beamformer under ideal conditions.

A.2 (UW PHASE COHERENCE

( U) The naitrowband. multipath signal plus noise arriving st the jth sensor group
along the long horizontal arra% at time I can be describcd by the relation A~ cos-40j - WIl).

where A- is the amplitude. 0- is the received phase. and w is the angular frelurrncy- (The
quantities A an u; arc all real.) it is assumed, -when using the abhove signal plus noise
form, that thei slowl% varying functions Aand 0. can iv considered constant f"or time
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periods less than 20-. wo The classical definition for the coherence of two complex wave-
!onns F1 and F2 i-%

j;2-)_- ,AI.
(F! II (A"AF)

where the operator ( represents the time aenaec Igenerall% over about 4 rmin for BEAR-
ING STAKE data) and the asterisk denotes the complex conjugate. For convenience in
narrov.band ýonar arra. anal sis. the classical coherence approach is modified as follows.
thie composite (due to multipath arrimals) instantaneous. narrowband response of the jth

.-n.sr group can be represented (after basebanding b% a quadrature detector) by

i = .-jeilj-' (A-2)

where W(1 is the angular frequency at the center of the frequenc% bin- To determine the
bearing ,I, of the -ource of interest the appropriate peak B(4') of the phase-onl, linear
beam former outut.

. J J

-Y (cositoj -o, -k0 (d- - dt)cos4I) < I (A-3)
J_ j=l =

i-, found- where ko is ihe waienumber. J is the total number of sensor groups in the array.o , .. th
and d. is tht distance from the center of the first sensor group to the center of .hbj sensor
group Id =O. '+' is chosen to be zero for a forward endfire arrival. Then the "-s.-cred phase'

j - Oj - kodj cos 'I' (A-4)

is computed. (Note that o = 6k for all j % sith j.(ci I J I when a plane wavc is received by
a linear, horizontal array..) The .-ignal plus noise. steered toutard ,'. is cbtained as

-- ikod- cos +t
t'j = oj j " -:F A-5)

it is assumed that the instantaneous amplitude can be %ritien as

.,-- "A.) + aA - (A-6)
Aj - - * j A

%%here 8A- js th--. amplitude fluctuation and A-j) = LA() forj-V represents the amplitude
variation nonhomogeneii! - The term "'flultuation" denotes the rapid time-wise ch:-nees
thai can be averaged out. leaving the slowl% changing mean structure that is referred to as
:he "%,ariat-on" of the phNsical r-arameter of interst.

,U) It is interestine to consider briefly the muftipath decomposition of f:. For M
multipaths 'o sensor group j
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)Aj C a eimj (A-7)
S~m=

where im - k d- cos 41 is a linear superposition so a linear beamformer treats each") o3 M
contributing path independently. Then

M

",j = A je'|e-t� / _, am je . (A -S)
m=I

where r k d-(cos 4 - cos '49. Define the beamformer output (before averaging and
with +ei'iits \')as m

+- - J 2

j=l

j1 J

in] .=I J= V

"N+'/, "i"t AjAt cos Oj -Op.

jMi 1

'1\ '1 J J

"" ; - a.., W t anit anc -' nm )

nm= I j=1 t l 1

n- I %I I i
M- ! M 3 3

+1 , I' I \ '' - On . A-9)+ ~ ~ Z , '%j ami Wt ant cos (Omj n) A9
mr=! n=m-;i j=l C=i

where the operatqr - represents the complex product and where the first term in
E-q. IA-9) represents the same path contributions and gives a linear superposition of the
formed beams The second term in Eq. (A-9) represents the cross-path contributions.
and unless the prsenc.- of many paths causes this term to average to zero. it will represent
a distortion of the sideobe structure (which becomes apparent when 4V is varied from 4'
through all its values).
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(U) The classical coherence (f-tj- between sensor -roupsj and t could be synop-
sized by the coherence coefficien'.

J J

I c (-' -{A-IO)

-j=! (=1

Iloxae-er. (-dfi t- mixes the amnpvihude A- and phaseQj of the j"h sensor group signal plus
noise F-j in a manner which is difficult to interpret in terms of the causes of the array
p-erfornance deeradation. Th-refore. the phase and amplitude are separated b%, a quadrature

detector and 0- is found %ia Eq. (A4) and B(+,_ Then the array coherence between the
th and sensor groups is defined as

(fjf
-fjk =- R e J (}{ I : A -] 1)

IAA• cos to0 -
= {A-M la)

(A-Aj)
- (cos O- 0 (A-I Ib)

under the Talve.i dccorrelation assumption (see Ref. I-'1

(k\A cos O1 - 0.) (.-A (Cos 4O0 - 0. ). (A-I 2)

N here _\ A is an -lement of thr amplitude correla:ion matrix and (cosi0-0j)) is an element
of the phase coherence matrix. Dlcfining Re L-\ Jj e( C )i as the array coherence would

haic ailo•ed •he scaiter of (AA I due 1o(A )J (AO) to confuse the good quzlity of the
ohcrcn,.c that iN uwuall% pr,.-!<nt. The Talpcý decorrelation assumption that was applied in

I q. iA-I Ibh is not meant to zmpl% that A and . are staiisiically inde-pendent. but only that
the quantitics A-A\ ant: cos ,j--OtQ are at most weakly correlated, so that Eq. (A-I ') is just
a good approximation. The TaIpej decorrelation assumption was tested s% neptical.1 by :he
"T'alipy coefficient

J- i J
C ,- (Aj:Ac.-3O)-OQ AI

T J- J -11 - (A" o-13
j=- =jI (AJAt)cO-O

and found to bh grncra-ll justified .i.e.. CT is uall% ncr unity I as shown in the tables in

Refs. 10 hfrough 13. 1lowe-ver. for reservations on the applicatio. of CT in the North-
wcstncm Indian Ocean. sec Rcf. 12.
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(U) The output E of a standard processor (i.e.. the beamformed. squared and
time-averaged output) can be written in the useful form (with the Talpey decorrelation
assumption):

j J-1 .

( -) +A Z (A-I14)

j=l j=l I =j+l

The amplitude correlation matrix I-(A AQI is related to the composite amplitude nonhomo-
genitv- The phase coherence matrix [(cos(0;--O))l evinces the relative array distortion due

to tvavefronl corrugation (i e.. nonplanar arrivals) and.'or array deformation. The amplitude
nonhomogeneitv that remults. through multipath addition. from a linear superposition of
arras signal plus noise cannot be decomposed through amplitude correlation techniques and.
therefore, these techriqu-.es c-annot be used to study their effects on the outputs of linear
beamformers, they can only treat their effects on the outputs of arrays. (This applies to
phase coherence but not to array signal gain; see below.) The components of the linear
superposition of arra) signal plus noise are simply acted on individually by the beamformer
as shown in Eq. (A-9). Therefore. neather the amplitude correlation matrix I(AiA I. nor thl:
normalized amplitude correlation matrix !.LA A '/(A ) (A.)]. nor the phase coherence matrix
"[(cos(0j-6O)i c-an predict the results at the output of a linear beamformer from their
behavior at the output of the array sensor groups alone. Thus. the array signal gain will
be considered later since i; gives the results at the beamformer output.

, To facilitate treatment of the laree coherence data base for BEARING STAKE.
five s% noptic measures of performance Iin addition to CT) have been devised. The desree
of amplitude fluctuation due to correlated amplitude fluctuations can be synopsized b-. the
normalized standard deviation 2A. whkz: is defined as

EA c;. 0h.- (A- 1efine

-A Aa (A-I5)

where

G .X. • (A-15a)j

j=1

4(6A\)-) (A-15b)
j4 j

J=l

,when E (A-6) is asumedi and

Aa3 (A.) - (A-I16)

j=I
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Normalizine by Aa avoids changes in the propagation conditions from biasing the measure
2:A- The smaller !A is. the smaller the amount of amplitude fluctuation present. The
degree of arra" nonhomogeneity Ibut not the deeree of its sidelobe distorting influence)
can be synopsized by the nonhomogeneitv Lor-ficient Cn which is defined as

Cn 0 (A-17)$n
S~JAa

and equals zero for a homogeneous sound field.

(U) It is useful to synopsize an upper bound for the array coherence 7j{ by means
of l-q. (A- i ib. Fir- fornt for any if lI I.

= J

S! •" (Aij) ! (6A 6:A-)

Z.

S~iV

S •I+

aA-

•(( Al i ..ýI --
A; A-

I ! +X 1:(-V !A-18)

via lqs. IAA40. IA-I1,(0. (A-!'bj and .A-! 5 as well a-.

J J

Q 6A4A0iA-119)

j=l j=i

Thus. ('% synopsizes the nomalized amplitud.- matrix j(A-A-) (.,\-)1-\ of the array coher-
cnce matrix Nij. -ext define the phase coherence coefficient C as

N (cosO.-O ) (A-20)Cp *' 4-

Sj=I k=!
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SB(4) (A-20a)

via t-qs. (A-3) and (A4). Thus. C p synopsizes the phase coherence matrix I(cos(0f-0j))I
and the array coherence coefficient C7

-% c' Cp (A-2- I

synopsizes the array coherence matrix [-yij I in terms of FA and Cp

A.3 MU ARRAY SIGNAL GAIN

(U) The array gain. ag. is by definition the ratio of the signal 6S-) to noise CN,2;
power ratio of the arra, beamformer output to the signal (s-) to noise (n-) power ratio of a
sinEle element. i.e..

(52)(N-) _ a
aA-22'(s-) (n-)

where
;= 2 (n-) "C " (A- __a)

and

ase -(-S-) (s-) (A-23)

* is the array signal gain. or. in decibel units.

ASG = i 0 loge i0 asg. I A-24)

For a weighted (by W-) array, the asg will bt taken to be
- J

Sj=1 t=l

Sj=i t= I j=lS* (.\ • (' . 7-(f 2-25a)

A-\.A. - A,
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From -q. IA-25a) it is seen that C can be interpreted as the array signal gain for a phase-
only beamformer: see Eqs. (A-3) and (A-20a). Note that the phase incoherence of
"cos(O -O -0) and the amplitude nonhomoeneit% reduce the ideal array signal gain of 0 dB
to the actual array signal gain of Eq. (A-24). When the array amplitude response is ideal
(i.e.. A = A. for all jE[ I 1J I). the ideal array signal •ain is still directly reduced by the
phase incoherence- When the array has perfect phase coherence. the ideal arra% signal cain
is still reduced b% the array amplitude nonhomogeneit6 and amplitude fluctuations. As
expected. %%hen the array response is both phase coherent and homogeneous (i.e..
'A) = a). the ideal arrna signal gain occurs if the amplitude fluctuations are negligible.
i.e-. A- = A . The advant-ge of Eq. (A-25) (i.e.. incorporating both phase coherence and

* amplitude ihomogeneitv into an array signal gain expression) over gving quantities at the
output of -ust the array (such as phase coherence) is that it gives the performance degrada-
tion for a conventional linear beamformer at its output.
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